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Abstract :

A compact , low induc tance s One-half ohm, one
megawatt average power resistive load has been devel-
oped to facilitate tes:ing of the MAP S.-40 Thyratron.
The flowing liquid electrolyte system uses the large
thermal mass of a storage tank of electrolyte to
store the energy which is dissipated through a heat
exchanger after thR high power run. The electrolyte
starting temperature , flow rate, and allowable temper-
ature rise determine the maximum average power into
the load; the external and internal spacings and flow
uniformity determine the maximum peak power; and flow
rate and storage volume determine maximum running
time. The load assembly consists of two parallel
glass pipes 10.2 centimeters (cm) in diameter and
15.25 cm long. The active volume in each pipe is
6.35 cm long and is contained between electrodes
8.9 cm in diameter. The two secttons of the load are
electri~a11y in parallel and flowing in series, put—
ting both flow connections at ground potential . The
major problem was getting the internal flow pattern
uniform to eliminate local boiling and arcing across
the bubbles while keeping the pressure drop low and
flow high. The calculated inductance of the load
assembly is 11 nanohenry (nfl), and the structure
lends itself to coaxial connections which reduce the
overall inductance still further. Material compati-
bility with the electrolyte will be discussed.
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S LOW INDUCTANCE , LOW IMPEDANCE MEGAWATT AVERAGE POWER LOAD

Wil l iam Wr ight Jr.
Electronics Technology and Devices Laboratory

USA Electronics R&D Command
Fort Monmouth , New Jersey 07703

A compact , low induc tance , one—half ohm , one long—term average power (over a period of hours) to
megawatt average power resistive load has been devel— make the heat exchanging task manageable. ihe system
oped to facilitate testing of the MAPS—40 Thyratron . never reaches thermal stability during a series of
The flowing liquid electrolyte system uses the large runs but is always either heating up or cooling down .
thermal mass of a storage tank of electrolyte to
store the energy which is dissipated through a heat Design Considerations
exchanger after the high power run . The electrol yte
starting temperature , flow rate , and allowable temper— The electrical energy is deposited in the elec—
ature rise determine the maximum average power into trolyte between the electrodes in the resistor. The

F the load; the external and internal spacings and flow flow , power input , and temperature rise are related
uniformity determine the maximum peak power; and flow by :
rate and storage volume determine maximum running P = 70.1 F T.
time. The load assembly consists of two parallel
glass pipes 10.2 centimeters (cm) in diameter and where P = input power , watts
15.25 cm long. The active volume in each pipe is F = flow , 1/mm
6.35 cm long and is contained between electrodes A l  = temperature rise , ~ (

8.9 cm in diameter. The two sections of the load are
electrically in parallel and flowing in series , put— When the average power is high and the peak power is
ting both flow connections at ground potential . The moderate , the exit temperature may safely approach
, jor problem was getting the internal flow pattern lOO’C. However , when the peak power is also high ,
uniform to eliminate local boiling and arcing across 800 MW in this case , high voltage stress and local
the bubbles while keeping the pressure drop low and boiling lead to breakdown across the steam bubbles
flow high. The calculated inductance of the load which could cause the energy to he dissipated in a
assembly is 11 nanohenry (nfl), and the structure small volume , rather than uniformly , with exp losive
lends itself to coaxial connections which reduce the forces being generated. For a given input power and
overall inductance still further. Material compati— flow rate , the exit remperatur . depends on the en-
bility with the electrolyte will be discussed, trance temperature , w~iich is t~~c temporature of t ,

electro lyte in the storage tank after the cool—down
Introduction N~ cycle. For effective heat exchanging, one would like

“N~ the final electrolv to temperature after cooling to be
Liquid electrolyte resistors have been used in \ high , but for an adequate safety factor in avoiding

experimental modulator setups for many years.1 ’2 local boiling, this ierr~erature should be low. The
They offer a wide range In resistance value (at least Fequired volume of electrol yte must hi enough to
5 orders of magnitude), f lexib i lity in physical supply cool electrolyte to the resistor for the dura—
design , high energy absorption in a compact structure , tion of the run , allowing for a warm zone in the
high voltage stress, and are amenable to low induct— storage tank where the returning hot electrolyte
ance design. They are often easy to design and bui ld , mixes with the cool electrolyte. This warm zone can
some times even trivial , and the resistive medium is be minimized by paying attention to the flow pattern
forgiving,  as opposed to solid resistive substances of the electrolyte return.
which are often damaged by overheating or overstreas—
ing. Most of the liquid resistor applications have One of the major advantages of working in this
been either single—shot or very low average power thermal transient mode is that the rate of final
where natural cooling is sufficient to dissipate the energy disposal , heated cit y water down the drain in
energy . A liquid resistor for high average power , this case , depends only on the long—term averag .
however , presents some problems, power , and the heat exchanger can be minimized in-

sistent with the number of runs desired per Is’ .
The load described here was developed to facili-

tate testing of adiabatic mode modulator components In the desi gn of a low Impedance load , one
(capacitors , PFN ’s, rhyratrons). The requirements on important factor is thi minimum value of elect rolvte
the load were 20 kilovolt (kV), 10 microsecond (os) resistivit y . Wh ile others have used ~od(i~r ~~F i l  n h  .
pulse leng th , 1.0 megawatt (MW) average power , and nickel chloride , a,nmonluzn chloride , ;~~- 1 i . -.~~u”’ 

(john -
resistance matched to PFN impedance (0.5 ohm) to with .- mate , sodium thinsulfate , and probabl y a - - t
in n few percent over the run time of 1 minute. The others , I have found th at copper sulf ite .in ~i .ul! ri~
variation of electrolyte resistivity with tempera— acid in water to be suitable. A coriie nt r it 1~ n
ture (approximately 0.8 percent per degree Celsius grams (g) hydrous copper sulfate ( tihi ’4 hH t i . b lii , (
(‘C) at 3O’C), and the requirement of nearly constant per li ter of water gives a res Is t ivity 01 10 ohm—cm
resistance would have required and extremely large at room temperautre and is about I i  t r  I S iv iv
iclume of electrolyte in a noncircu lating real ;tor from saturation , which ensures easy dissolviti, . nid
(over 4000 liters (1)), and a heat exchanger to no problems with the solute coming out  of sol t ion ,
d i s s i p a t  t the  nergy d.c ing the run would have been The resist lvi t V is then ad ~iisted t i  t d.. r val
i m p r a c t i c a l , the re fore  tie approach used was to build by adding sm all amount~ of ci n ent r. itc d . i I ’ i r i , ac i i( :
a c i r c u l a t i n g  load , store the energy in the  h e at e d  

~~~~~~~~ i ~.-r -~~~t r h o  ,- . the n s f  - t  v l t y  t ~:‘ hr—i n, .
• electrol yte sod dissinite the heat during th~ time

between runs .  This  a pp r . ,ivh i~~~’s the differ ence be-
tween the short-term average power (during a run) and

66 (~ (‘
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~~tai ed DesI~ n

Ihe load assemb l y ,  shown in F i gure  1. cons i s t s  average  t e m p e r a t u r e  r i s c - , w a s  on ly  7O~ C . N i  sui h

of two res i s tors , e l e c t r i c a l ly  in p a r a l l e l  hu t  f low- -  a r c i n g  has been seen with the s l o t t e d  i- l i - i t  rode
ing in series.  This p u t s  h i t  hose connec t ions  at a s s e m b l y .
ground p o t e n t i a l  and p r e v e n t s  i - u r n - n t  flow t hrough
th e el ect rol y t e  f i l l e d  hoses,  Each r i - s i s ter  is a The g l a s s  pip es are st i l i l t  ci - in l i l  hi-tycen
10.2 cm d iameter , 15.25 cm long pyre x  g lass  p ip1- the  copper  p l a t e s  by a c i r c l e  of 1 - i c l I t  t apped  l u c i t i
con ta in ing  two i d e n t i c a l  e l ec t rode  assemb i ies , and rods a round  each p ipe  an d s i - ali-d w i t h  ne u rotic - gas—
both  pipes are c o n t a i n e d  between two copper p l a t e s , k et s  wh i c h  a l l o w  for a s l i g h t  d i f f e r e n c e  In l en g t h
43.2  x 21 .6  x 0 .63 5 cm,  Each e lec t rode  assembly , be tween  the p i p i - - . A l l  assen lily hetwe en  copper p ip e ,
one of wh ich  is shown in Fi gure 2 , i s a 8.9 cm copper p l a t e ,  and b r i s . d i s c  Is w i t h  l i - a d - t i n  s o f t
diameter by 0 .95  cm th i ck  d i sc  on t he  end of a 5.1  so lde r , and a r e i n f o r c i n g  r i n g  is used in - u r l d  t h e
cm d iamet e r copp er p i pe.  There are e i gh t  s l o t S ,  l e v i -n  p i l e  to w h i c h  t h e  h i - i c c  f - sos  ‘ire attached .
each 0 .95  x 2 .86  cm , in the  p i pe b e h i n d th~ e l e c t r o de  So t t  so lder  j o i n t s  have  bc-en s u i t a b l e  f o r  o ver  two
and n ine  1 . 2 5  cm d i a m e t e r  holes  in t h e  d i s c .  i n c  in  y ear s  f e y l o lr i  t o  t h i s  e l e c t  r o l v t 0  t~i x t u r&- . hut
the  cente r , an d one ad j acen t  to each s lo t ,  The c - I c c -  s i l v i - r - s i l d o r  j o i n t s  e roded in  a f i w  wi-~~k s . ( ( s r i -
t r o ly t e  f l ows out t h r o u g h  t he  s l o t s  and d i v i d e s , has  been no ippr ei - i d l e  e r - . i - n  of t h e  b ra s s  e l e c —
par t  throug h t he c-i ,ii h t  holes and part through the t rode- by i l i -  e l i  t r i  vt  i- .

a n n u l a r  gap between t i l e  d i s c  and the glass wall.
Another  pa r t  of the  11 oi,- is d i re c t  I v  Ut th r o u g h t he The c i r c u l a t i o n  sv st  i -n s f i i wn i n  I i gore 3 , isi s

• hole in t he  c i - f l t e t  of the disc. The p u rj i l s i -  of a 750 1, 9 1 cm d i a m e t e r . 12 2  cm dei - p po I i  r i ’ l c - n e
t hese h o l e s  and s l o t s  is to uoili rliiv rep iaci - the tank nc-an y filled with i-li t n - I - - t i . a ho rsi-powc- r
heated e l e c t r o ly t e  w i t h  cool e l e c t r o ly t e .  In one ot  ( l ip )  m a g n e t i c  d r i v e  I mp  ( M i r ~ ii Pump , e l i _ S I  — M i ) .
the  p rev i i l l s  des igns , w i t h o n ly  a I irIZe i - c-n t i n  h o l e , .1  cm re i n  ~ ri i~~f 1’V( hose , .and nv l  on - - r ~ ( u o r b  I nit
t here  was spa rk ing  in the  e l e c t  ru l  v i i -  l i t  l i i i )  t h e  f i t t i n g s . The c i i i .  I e l e c t  r o l  - t i  i s  drawn f r o m  t I i

e lec t rodes  and nea r  the  glass wall at S I l l )  MI~ peak  b o t t o m , p e r p e n d i c u l a r  i i  t h e  s i d e  i f  t h e  t a n k . an d
and I Ml- average power . h u t  not at N OD M1~ peak and t h e  hot e l e ’ t r - i v t i -  i s  r i - t u r n e d  t o  t l l o  t o p .  r l n n e i i t
low average power.  P r e sumab l y  t i l i -  en i -r ( - , v was be i n g  i l l  the ci r cunl en i -n k- of the r oi~~ a t  i - - I li -es t O  -

un i f o r m l y  depos i t ed  in the c - l e i ’ t r i i v t e  h u t  t h e  h e a t —  impa r t  a c i r c u l a r  flow . i l e  I low r i t e  is ~. (5 —in .
ed e l e c t r o l y t e  near  the  w a l l s  was not  b e i r p  swept which i r r . sl ndv t i  a t c - n p e r . l t l I n i  r i s e - t’ 33

0(

ou t  by t h e  f l o w , was b o i l i n g  i o u  i i i  v , an d t he  ft igh 1 .0 M1~ ay e  n lcno l i t e r  • . in I p r o v i d e s  S i-co nil of
volt age s t ress  was c a u s i n g  arc  i n 0  ac ro ss  t i t e  s t e i n ,  cool e li - i - i  n i l y t o .  Th i s  has I I ’  - t  f e i - t i  c n I l ed  hi- i . iusi-
bubbles , The c a l c u l a t e d  i- a  it t v m p e - r a t l l r i -  . b a si l on 1 1 1 1 c r  m o d u l a t o r  cor p- - c i t S  h a v e  1 m i  t e d  r u n  t ime-s .

, ~ - . ~~ . 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ In  t h e  p re sen t  a pp l i c a t i o n  t h e r e  was n i r e q u i r e -
m e n t  f o r  i l i s e l y  spa ed runs , t h e  l o n g — t e r n  i i i ’ e n i 1 -e

l o wer  was l o w , an d a v e r y  s i m p le  hea t  e x c h a n g e r  cou ld
he used. Fifteen meters ot 1.15 cm copper tub ing was
t o rn I e ~ 1 I n t o  a i l i 0 I  I h e l ix , / 6 cm in d i a r , e t e r , 6 1 cr.
h i g h  and suspended in the  t ank  w i t h  1.6 cm between
the t a n k  1.- i l ls and t h e o ils. The circula ’ flow aids
t h e  trans fer I f  heat f rom the el e c t r o l - t e  ti toe t a j i

— water in t h e  c o i l s , g iving a U factor i l l  - ‘. 1( 1

I ~T l ’ / h r s i j  f t / F ( S i P  o i l .~~/ t i r : n —  A C ) ,  and  , l , C t . i i ’P
. 1  ‘C O O l  I r i t e  , . t ’ I l l  It ’ f I r  water I low of

V I S . ~) .  - t v i f l  and  elect ri .iv t e temperature oil 511 ( ‘ .

l i i I l l  t 11 1 0

- I f l  c i - t i , - r o l  , l i i  ‘ i t l l t i 71-  i n d l i e t ; l i l  1 , - ne  wou ld
P - liii t t l x i r - , i z e  t f l , - 1 , — t r i t h  of  t i l l ’  n i g h t i i —  t h i i x

~~~~ 1 l i i I . i ~ - s Cr ,  . t , - i t  by i ’iirre flt t h r o u g h  a i n.p . no l t t  and

‘ 
i l  i i  n - i  - e t o e  v i i  l i r e i t t  which t h e s e  l i n k ag e s  e x i s t .

— h i s  i s  il - - r e. i l v  a c o -om} i sI l l - h b y m ak i n g  a ci -nt p ot ii’ tt t
~~~~~ (is - -np l o t  Os po~~s i h l e , c o n s o s t c - n t  w i t i t  c l i t i g i

‘ 
- b r e d - v - t I .  u s i n g  w l J 1 - n lan1 - , o h i . l l i o - t , - r  cof l d u c t . ’r s

‘_~~ all l i i — i i t t i t  i x  . 1  )n , ,- . n .o - t  r v w l l e  ri h i s s  i h i i •  f i r  in—
i h i l i  t . i t t  , i , i l ( i •  I I t l o i n ,  l i i i  s l oad  c a n  bi— v i ewed  as .i
d i s t o r t  , d  . - . i x l . i i s t r u c t u r c -  i,’ hc -ri- tb te- ou tc- r conductor
i s  an a r r i v e t 50 i t i i i u i t , r s  ( u n i v  25 i t o -  b e i n g  used

.1. I l i - - I I i i i ’  \ s — . i t i ~ ~ ll I c u r .  I )  ev e l t  l v  ~~p i  e d  around an !, j , 2  by 21 1, o tt .
r e i ’ t i t t g I , - . and  t b l i  i t t t l e r  o t t d i i u  t i l t  is  the- l v i -  ; - i r a  I —

l i - I , - 2  e l o - c t n i l t e — t i l  l i d  u t l a s s  p i p e - s . lio-i -aiise i f  t i l e

i - o m l l j i -i t  s t n u o i  tii r c- . ,i ri cer - us .‘ i i c u i . u t i o n  of i n —
1111 t t i .  i i s  d i !  I i ‘u it • h i l t  an c-st imat o- i - i n  be. obtaine d
‘v using t i , - i l , - j . l  i I d , t i c c- o f  induct atti e 00 t i l t -  v o l  ii i  I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ oI fi 0 . — t  I I  h o t  S p i c e , a n d  c h I c ’ on are - and tO e d o —
— - - - ‘ “ P e I l d i  t i ’ ’ on t h e  ‘lI t of the t’ h i S  I i n k . l )  i’s , i n  n Ut —

l i t  r e - l u ,  t i l l  i i ’ . Sr i ’ l i l t the space between the eo n—
— duct. r’ i l  t t . u I l u t i ’ n u - i n g  tbte i i  t h a i  u ( t n l u -  I u r e  i I t t i

im i - I S  l l v  c i i  c u l l I d i e  n ix  m a  I cv  I i oile r St ruc I lire w i t  it

t I l e  S 1,’  i t ’ , ’  l v . l i i r l e-) and t b ,  n i t - c me ot f l u x  I i t l k . i y ’
i- i n  i u :  , r - . n i-  - l i i i  s 0 1c-s a i o  i x  w i t  hi 3 . 4 cnn . - i t  en

- e l i  i n  • I I’ i l l i l  1, . 5 i— rn i tu e  i’ d i inc  t i - r .  I s  itpn t l ie-
— i ’ i i , i t  i. ’ri or  i ’ , • ax  w l t i u  a t h i n  I ’ ll! i-n .inI n i - l i d  j o t t e r

- 
i 010111, t ~r II L 1 1 1 1 2 .  I - n  r J r  + 5 .11

- - 
________ 

ICes ii \‘ni C o t  10.2 nil I; skin effects pilsis i l th e

C -
- 

- c u r r e n t  t low t o  t h e  o u t e r  s i i n t ; i c e  o f  t h e  i t in e r
- - I - t o :, , t , r , t i e  i I t i l U ’ t , i l t i  e w u u l d  he ~~. ‘u nh-h f i r  t u e  n I n e

s i n - .  ‘ i S . ,  u s i n g  t h e  e q u a t io n  f o r  t w o  thin c y iiu ti : e r s

.4 L ~~O . O O 2 :  I i T I  r 1 r 1 1 hi

w h e r e  I c u t i t t l i  of c -ax structure

-
- 

I - ,~ - 
• 

‘ n r i i l i is i t  i l i t e r  c y l i n d e r

- . 0 - - ,
, n r a d i  us i t  i n n e r  ‘01 in d e r  , all di v e i n - , loins

In cm.

An • n p e r i ’ ’ c l l t . i i  . e t e n - l u l n i t  i on  of i n d u r t un - e can i -c
‘ e c i u  in F l i t l l n e  - , wfl I. h show-s voltage and cli rre ttt
w i ’ .  1 . - i t , - i i ’ n - n v  t l i ~ l o a d  in a 2 o l i n  m o d u l a t i ’ r  w i t h  a
iii ) it it t isei- i,nd (ns) pulse widt h and 8 ’ IA , s di!d t .

~~~ i l l  ihi r ait ion fii i  t i - n v  l i v e  C e l l  adjll s : c l  t i n - i k e
‘ :C an-l 1i l i t  .u.l e - - .qu ui  I at t i e  peaks w-ltere cu /ut = I I .

I l i  i i  St t i e  port i on  of t h e  c u r v es  t n - n  - i . i x i t ’ u in -
p o s i t  IOC t i  r l , l x i r u i t t ’ u  l l e i ’ , l t  S C  di ‘ i l t  • t h e  o v e r l ay

c t  v C c n u  vi’ It i c  and current w ivet o rr l— Sbhi ’ws c-i rt nal lv
n. j I l l , , I it -c  - ii deter tn h ne the re, .’ l i t  ‘ i t  i t  t i e
- . t lu ii , vol t - a te w i n - e l  i - n t - -i ftac-e l - C e ~~ - i l c l l h i t c , (  o r
I c  . i c t u n i i - l l r t ’e - l t  w - a v e t ’ , ’ rn and  sit , i s - i i i n n e , I  10 nfl .atIo

I I  ‘ i n ,  f _ i i t , , i I it i - -n S’i ’o t, ’” 20 n I b  m m - l a n e I n  s e r i es  w i t h  t 0 e i ’ e s i s t , - r  . , - i e ’ ,e
r n c l . . n — .- ar c  n t  i c e - l i ly  d i s p l I .  .1 t n , -- t h e  • i h s e t ’ -, c ,

o i l  I , i , c u-oi i-~~f, -i ’n ’ . i l u , I , . i t  i t t 1 - I . u , i t  t h e  rev ‘ l o t  l , ’ta
t i e  t .~ - h i n  qu a  i s  f r e t  t e n  t h r i r t  l h b  nh -I , i nc  t h e  S it ti .a
h i m ,  1 . - ill - c is C — s  t h a n  10 nh 5 i l i i  Ii  ( t t , t ’C C S  W it h I, .
i ’ a h c t i h u t e , l e - i i i - .- t t e - . .
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Conclusions

- A low—impedance , low- Induc tance  resis t ive load
O 1 ~~1 

- - - - ‘~ ‘i • i •  - 
‘ 

- i i , >  has been developed which  is capable of handling  a 

~
- / gigawatt peak power and a MW of average power fo r  -

/,,o run t imes in the order  of 60 seconds . ‘lhc - r e r g y
\\ K is stored in a l iquid  e lec t ro ly te  and dissi oed

/ via a heat exchanger  between runs . The resis tance
1/  ‘°‘~~ can be a least as low as one—half ohm and the

inductance Is less than 10 nH.
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Transient Resistance Variation

At the t ime of the first pulse , with the
electrolyte flow already established, all the elec-
trolyte in the resistor is cool, After a short time ,
which depends on the f1ow velocity and the physical
size of the resistor , the entering electrolyte is
cool and the exiting electrolyte is hot; this results
in a reduction in resistance. Assuming a linear
temperature rise through the active zone of the
resistor , and a linear decrease In resistivity with
temperature , the stabilized resistance Is

2 2 2
— L u~ o — P~ ciAt + 3/i6 (a At )
-

~~~~ 7P0- ctAt

where ° o = cold resistivity, ohm—cm

ci = change In resistivity, ohm—cm/0C

t empera ture  rise t h r o u g h  load
assembly , C

L length of a c t ive  area in one load
pipe , cm

A = area of one load p ipe , cm 2 .

The resistance of the cold load in ii t
0/2A.

For -
- 

= 11 ohm—cia , .0 = .0 96 ohm—cm/ ’ C ( O . 8~ / ° C ) ,
= ~~~~ L 6.35 cm and A 81 cm2,

Rhot .406 ohm , scold .470 ohm; the decrease

is 13.6:. Half  of the  change occurs during the
first ’ 71 millisecond (ms ) of the run, the time
req uired b i t  the heated electrol yte to cross the
active zone in the first glass pipe. here is no
change for the next 131 ma while the first heated
elec trolyte is in the electrode assembly and cross-
over pipe . lhe rest of the variation occurs in
the next 71 ms crossing the second glass p ipe.
After the heated electrolyt e reaches the exit
pipe equilibrium is established and the resist-
ance Is constant for the duration of the run, I f
the load value were critical , the cold resistance
could be ad justed to 13.6 percent hig her than the
desired stabilized resistance . The structure could
be modified to reduce , but not eliminate , the time
dur ing which the resistance changes .
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